The golden mussel (Limnoperna fortunei, Mollusca: Bivalvia) is an invasive species that has been causing considerable environmental and economic problems in South America. In the present study, filtration rates of L. fortunei were determined in the laboratory under different temperatures (10, 15, 20, 25, 28, and 30 ºC) 
INTRODUCTION
Limnoperna fortunei (the golden mussel) is a bivalve from southeast China that has been spreading its distribution by invading other regions of the world, particularly through the transport in the ballast water of large vessels. This was the likely source for the introduction of the golden mussel to South America in the Rio de la Plata basin around 1991 (Darrigran et al. Pastorino, 1995) . Since then, L. fortunei has already colonized the entire Rio Paraguay (1,718 km) and reached the Brazilian states of Mato Grosso do Sul, São Paulo and Paraná (Oliveira et al, 2004) . In Porto Alegre (RS), where the golden mussel has been detected since 1998, this species has already colonized lake Guaíba, causing incrustrations to water supply facilities. The capacity to form enormous aggregates of up to 150,000 individuals/m 2 (Cataldo et al., 2002) has caused this species to exert severe negative environmental and economic impacts in its introduced range. Although there are individuals of virtually all size classes in large aggregates of L. fortunei, there are times of the year when more than 70% of the individuals in these aggregates are smaller than 2 mm (Boltovskoy et al. Cataldo, 1999) . In addition to the economic impacts associated with the clogging of pipes in industrial and hydroelectric power plants, common environmental impacts of the golden mussel include significant changes in fish (Montaldo et al., 1999) and benthic faunas (Darrigran et al., 1998) , as well as in the dynamics of nutrient and pollutant cycling in freshwater environments (Porta, 2001) . Large aggregates of L. fortunei can alter substantially the trophic structure of aquatic ecosystems by the filtration of suspended material (seston) and the deposition of this material in the form of feces or pseudofeces (Lei et al., 1996) . Despite the substantial impact of the golden mussel on natural habitats, little is known about the biology of this species in South America. Given that many of those impacts result from its filter-feeding habits, it is crucial to understand the filtering dynamics of this species. Filtration rates can vary considerably among bivalves, with previous reports varying from 347 to 567 mL/h/ind in Corbicula sp. (Buttner and Heindinger 1981 , Way et al. 1990 , Silverman et al. 1997 , from 40 to 375 mL/h/ind in Dreissena polymorpha (Reeders et al. 1989 , Sprung 1995 , Berg et al. 1996 , Horgan and Mills 1997 , Diggins 2001 , from 200 to 310 375 mL/h/ind in Dreissena bugensis and between 133 to 350 mL/h/ind. in Limnoperna fortunei. The goal of the present study was to assess the effects of temperature and body size on filtration rates of L. fortunei under laboratory conditions.
MATERIALS AND METHODS
Collection and maintenance of the golden mussel in the laboratory Specimens were collected on several occasions between June 2003 and October 2005. Individuals were manually removed from the water inlets and platforms of the reservoir of the Itaipu hydroelectric power plant located in the municipality of Foz do Iguaçu, State of Paraná, Southern Brazil. In the laboratory, mussels were kept in 130 L aquaria equipped with plastic meshes that were used for their attachment, filtered dechlorinated water, constant temperature (20ºC) and pH (7.4), and a 12h: 12h light/dark photoperiod. The aquaria were kept in a biological filtering system and with constant supplementary, aeration. These conditions were chosen as to emulate to the extent possible the conditions were the animals were collected. Whenever the specimens were not in experiments, food was provided three times a day as a solution containing three species of algae: Chlorella sp. (Chlorophyceae -Chlorococcales) and Spirulina sp (Cyanobacteriae -Oscillatoriales), which had been previously dehydrated and then dissolved in dechlorinated water, and Scenedesmus sp. (Thraustochytriaceae), commonly used in the cultivation of aquatic organisms, and algae of the genus Scenedesmus, specially cultivated for this goal.
Experiments using Algamac-2000 ® Prior to each experiment, animals (>15mm) were removed from the rearing aquaria, had their length measured using a digital caliper, and were placed in numbered containers with filtered dechlorinated water. Only individuals with filtering activity, as evidenced by the partial exposition of their mantle were used in experiments to insure that they were in good health. These containers were kept in the environmental chambers with constant temperature and photoperiod (12h: 12h light/dark) and continuous aeration, where they remained for 24 h without receiving any food. Each batch included 20 containers, two mussels each, and five control containers without any mussel. The same number of containers, each with 450 ml of dechlorinated filtered water but without any mussel, was placed in the environmental chamber, simultaneously to the acclimatizing of the animals so that all containers had in the same temperature by the time of the transfer of the mussels. On the next day, 50 ml of the food stock solution was added to these containers. The solutions of Algamac-2000 ® were arranged by preparing a solution of this alga in dechlorinated filtered water such that the final solution where the mussels were kept was around 0.1 g of algae/l. Aliquots were obtained from all 25 containers to measure the initial concentration of algal cells used as food. The mussels were then transferred to the numbered containers, which were returned immediately to the environmental chamber. Aliquots for the assessment of the algal concentrations in the containers were taken 1, 2, 3, 6 and 24h after the initial contact between the mussels and their food using a digital spectrophotometer at 640 nm. The recorded transmittance values were transformed into food concentration (g/l) using previously established standard curves.
Experiments using Scenedesmus sp. (Chlorophyceae -Chlorococcales)
The Scenedesmus sp. algae used in the experiments were also collected in the Itaipu Reservoir. The algae were cultured in 20 l plastic containers using the Conway culture medium (Barbieri and Ostrensky, 2001) . After around seven days, the culture was transferred to larger containers (100 l) with dechlorinated filtered water. Macrofertilizers were added to these containers (urea and triple superphosphate). The Scenedesmus sp. culture was regularly filtered through a 5µm mesh size and washed to eliminate the excess of nitrogenated wastes resulting from the culture medium. The experimental design followed the same model as the experiments conducted with the Algamac-2000 ®. Aliquots were taken after 1, 2, and 3 h after the first contact with the animals, also being analyzed using a digital spectrophotometer at 720 nm, the most appropriate wavelength to detect the green algae (Aldridge et al.,1995) . Transmittance values of the solution containing the food were transformed into concentration (number of cells/ml) using standard curves. The initial concentrations of the stock solutions of these algae were obtained by the cell counting using a hemocytometer and varied between 30 X 10 4 and 70 X 10 4 cells/ the ml. These concentrations were higher than those normally used in this type of experiment. Although this cause the present results not to be easily comparable to other similar studies, such higher concentrations should enhance the effects of body size and particle size which were the focus of the present study.
Condition index
At the end of the experiments, each mussel was removed from its shell by sectioning the abductor muscle, placed in an incubator for 14 h at 60ºC and weighted with a digital balance to calculate their condition index (CI). The CI describes the relationship between the weight and the length of each individual. In the present study, the CIs were based on Fulton's index (Mgaya et al. Mercer, 1995) as the dry weight in g times 10 6 and divided by the length in mm.
Calculation of filtration rates
The indirect method was used in the present study to calculate the filtration rates of the golden mussel, given that it was both reliable and simple in its experimental design (see Riisgard, 2001 for a review). However, a disadvantage of this method was the fact that the measurement of the food concentration tended to decrease naturally over time due to the tendency towards the sedimentation of the algae to the bottom of the container. To avoid this bias in the results, the concentrations in the experimental containers were compared with the ones that received the same solution but lacked the mussels. Once the food concentration values were obtained, the Coughlan (1969) equation was used to calculate the filtration rate:
Where F is the individual filtering rate (volume/individual/h) or ml/h, V is the volume of the container, n is the number of individuals in the container, t is the duration of the experiment in hours, C and C 0 are the natural logarithms of the initial and final concentration of algae in the experimental containers, and C' and C' 0 are natural logarithms of the initial and final concentration of algae in the control containers (without mussels), respectively. The filtration rate can be defined as the volume of water that passes through the branchiae of the mussel at a given time interval (Lei et al., 1996) . In the present study, the filtration rate unit is ml/mussel/h. Experiments using Algamac-2000 ® were conducted under the following temperatures: 10, 15, 20, 25, 28, and 30ºC, whereas experiments using Scenedesmus sp. were conducted at 15, 20, and 25ºC. Given that the data obtained in the experiments departed significantly from a normal distribution (Shapiro-Wilk's test), the analyses were carried out using the sample medians in the Kruskall-Wallis test and gamma correlations as implemented in the software Statistica 6.0 (StatSoft Inc., 2003) .
RESULTS
Although an ensemble analysis of all the data indicated a statistically significant correlation between the temperature and filtration rates when Algamac-2000® was used as the food source (N=773 measurements, p<0.05), the magnitude of that correlation was poor (γ=0.12). Moreover, a comparison between different temperature classes indicated that the only class that showed significant departures from the other classes was 30ºC (Kruskal-Wallis ANOVA, H (5, N=773) =38.9, p<0.001). The single apparent trend in the relationship between the temperature and filtration rates seemed to be an increase in the filtration variability under higher temperatures (Figure 1) . On the other hand, there was a clear temporal shift in the filtration rates. When all the temperatures were tested simultaneously, there was a statistically significant negative correlation between the time and filtration rates (γ=0.46, P<0.005). However, when different temperature classes were tested separately (Figure 2 ), correlation coefficients differed in magnitude, with the largest coefficient being obtained for the 15ºC temperature class (γ=-0.69) and the smallest for the 25ºC and 30ºC classes (γ=-0.33). The remaining coefficients were: at 10ºC, γ=-0.42, at 20ºC, γ=-0.46, and at 28ºC, γ=-0.53. The highest filtration rates were recorded under 25ºC (297 ml/mussel/h) and 30ºC (295.7 ml/mussel/h), with both values being recorded in the first hour of the experiment (Figure 2 ).
Experiments carried out using Scenedesmus sp. as food showed results that were rather different from those using Algamac-2000 ® . When feeding on Scenedesmus, not only the temperature influenced consistently the filtration rates in L. fortunei, but the rates themselves were much larger than in previous experiments (N=131 measurements, γ=0.52, p<0.000001, Figure 3 ). In addition, the increase in filtration rates with the temperature was consistent, either when all the groups were analyzed together, or when rates were calculated separately for each time period (1 st hour: N=39; γ=0.55; p= 0.000056; 2 nd . Hour: N=45; γ=0.60; p= 0.000002; 3 rd . hour: N=47; γ=0.42; p= 0.00064). There was a poor correspondence between filtration rates and either condition indices (CIs) and shell lengths, a pattern that was consistent in both food types (Table 1 ). In particular, even though the gamma correlation was often statistically significant, the gamma correlation coefficients were very low, not exceeding 0.12.
These results indicated that the variation in body size did not seem to be a strong modulator of filtering rates. 
DISCUSSION

Filtration rates
There was a tendency towards a decrease in the filtration rates of L. fortunei over time during the experiments. Two factors could explain this tendency: the satiation of the mussels and the decrease in the concentration of available food, with the latter being more likely. According to Higgins (1980) and Horgan et al. Mills (1997) , there was a positive correlation between the amount of the food available and filtration rates.
This strategy could optimize the energy spent during the filtration activities, which increases asymptotically with the concentration of available food particles (Savina and Pouvreau, 2004) . Moreover, it is of great ecological relevance given that the golden mussel forms aggregations of thousands of individuals which can deplete the seston in invaded sites. Interestingly, according to the data presented by Sylvester et al. (2005) , the filtration rates recorded in the present study for L. fortunei were among the highest ever recorded for invasive bivalves (Table 2) . The discrepancies between the values obtained in the only three studies that quantified filtration rates in L. fortunei (Von Rückert et al. 2004 , Sylvester et al. 2005 andthe present study) were probably due to the methodological differences, particularly with respect to their experimental design and the type of food (cyanobacteria; Chlorella sp.; Algamac-2000® and Scenedesmus sp., respectively). However, despite those differences, there was a concordance between these studies in that the filtering activities of L. fortunei were capable of causing considerable impact on invaded ecosystems.
The Relationship Between Filtration Rates And Temperature
There was a positive relationship between the filtration rates and temperature in the experiments using Scenedesmus sp. as the food source, yet this relationship was inconsistent in the experiments that used Algamac-2000 ® . Given that Scenedesmus sp. particles were much smaller than those in the Algamac solution (see below), this result might indicate that the relationship between the filtration rates and temperature depended on the size of the filtered particles, being more efficient in the case of smaller cells such as those found in Scenedesmus sp.. The continuation of filtering activities over a wide range of temperatures was consistent with the fact that L. fortunei was a eurythermic species, supporting the temperature variation in nature between 8 and 32ºC (Ricciardi, 1996) . Variation between 8 and 18ºC also did not show a detectable influence on the respiratory activity and filtering rates of Paphia rhomboids and Glycymeris glycimeris (Savina and Pouvreau, 2004) . In order to get established and to dominate a new environment, invasive species must possess high physiological flexibility. Reeders and. bij de Vaate (1990) showed that the filtering rate of another invasive bivalve, Dreissena polymorpha, was unaffected by the temperature variation between 5 and 20ºC, although lower temperatures nearly caused the filtering activities to cease. The same authors, in 1992, analyzing the impact of pollutant material in suspension concluded that the water temperature played a minor role on the filtration rates, and that the amount of material in suspension was more important in modulating filtration. Fanslow et al. (1995) , studying the same species in the Saginaw Bay (Great Lakes region), concluded that the maximum filtration levels were probably associated with the temperature, although indirectly, through a decrease in seston and consequent increase in the filtration rates. On the other hand, Aldridge et al. (1995) did detect a negative relationship between the temperature and filtration rates in D. polymorpha, with filtration rates at 20-24ºC being significantly higher than at 28-30ºC. This result could be accounted for by the fact that the highest water temperatures in that region during summer did not exceed 24.5ºC. In the only other study that investigated the relationship between the filtration rate and temperature in L. fortunei, Sylvester et al. (2005) tested three temperatures (15, 20 and 25ºC) , with the highest rate found at 15ºC. The results obtained in the present study indicated that the filtration rates in L. fortunei were largely unaffected by temperature, suggesting that the impact from its feeding activities might be relatively constant throughout the year.
Filtration rates, body size and condition index
The condition index (CI) is an indication of the physiological state of the bivalve and is directly proportional to the amount of stored energy. Therefore, this quantity is frequently used to characterize the health of an organism given the local environmental conditions (Beninger et al. Lucas, 1984) . The weak association between the filtration rates and either CI and body size indicated that the individuals belonging to the studied size class (>15 mm), regardless of their size, could provide similar impacts through their filtration activities. This result disagreed with most studies that related the body size or biomass with the filtration rates in the zebra mussel (Dreissena polymorpha) (e.g. Bij de Vaate, 1990, Berg et al., 1996) as well as in many bivalves (Bougrier et al., 1995) . Such poor association in the case of the golden mussel has also been observed by Sylvester et al. (2005) , which was statistically significant only at 20ºC. It was unlikely that these results were artifactual given the large sample sizes used in the present experiments (773 individuals in the experiments using Algamac® and 131 in the experiments using Scenedesmus sp., as opposed to 14-20 individuals/experiment in the study by Sylvester et al.) . However, there seemed to be considerable variability in filtration rates among individuals, even within each size class.
Filtration rates and particle size
The differences in filtration rates between the different types of food used in the present study (Algamac-2000® and Scenedesmus sp.) could be accounted for by the differences in algal cell size. Although both were composed of colonial algae, cell size in Schizochytrium sp. (Algamac-2000®) was about twice that of Scenedesmus (10 µm versus 5 µm, respectively). Moreover, the cell aggregates were larger in Schizochytrium, at times exceeding 100 µm, as opposed to 40 µm in the case of Scenedesmus sp. (unpublished data). Particle size has been known to play an important role in modulating filtration rates in bivalves (see Ward et al. Shumway, 2004 for a review). For instance, freshwater species are more effective in filtrating small particles than their marine counterparts (Lei et al., 1996) . Baker et al. (1998) and Vanderploeg et al., Nalepa (2001) detected shifts in local phytoplanktonic communities following the introduction of the zebra mussel (D. polymorpha). The mechanism underlying those shifts seemed to be the selective removal of particles of specific sizes, with the rejected particles being returned to the water column in the form of unconsolidated pseudofeces. Vanderploeg et al. (2001) suggested that the blooms of the toxic cyanobacterium Microcystis aeruginosa in the Saginaw bay might have resulted from the filtering activities of the zebra mussel. Therefore, the selectivity in the filtration of particles by L. fortunei observed in the present study could cause important shifts in its local environments, possibly by increasing the dominance of certain phytoplanktonic species. This result was particularly troubling given that the highest selectivity levels were observed at 25ºC, a temperature similar to the average condition in the invaded region (the lake of the Itaipu Hydroelectric Power plant).
